AND CONCLUSIONS 1. We studied electromyographic (EMG) and kinematic features of self-paced human arm movements involving rotations about the shoulder and elbow joints. Movements were initiated from various positions and covered much of the reachable work space in the horizontal plane. The attempt was to characterize robust features of the relative timing and magnitude of the EMG activity at the two joints, and to correlate them with variables related to the initial and final positions.
1. We studied electromyographic (EMG) and kinematic features of self-paced human arm movements involving rotations about the shoulder and elbow joints. Movements were initiated from various positions and covered much of the reachable work space in the horizontal plane. The attempt was to characterize robust features of the relative timing and magnitude of the EMG activity at the two joints, and to correlate them with variables related to the initial and final positions.
2. The pattern of muscle activity at each joint was typically characterized by bursts of alternating agonist and antagonist activity, comparable with the three-burst pattern associated with single-joint movements. As the spatial direction of the target was altered, the magnitude of each burst was modulated over a continuous range. Modulation down to zero activity was observed, not only for later bursts, as has been shown in some cases of singlejoint movements, but for the first agonist burst as well.
3. In the preceding paper we showed that the choice of agonists (i.e., flexors or extensors) at each joint is predictable on the basis of the target direction relative to the distal segment ($). Here, we present quantitative analyses of initial agonist EMG activity at the shoulder and elbow, which reveal that the onset-time difference between agonists at the two joints also varied systematically with $, and so did their relative magnitude.
4. For most target directions, initial EMG activity at the shoulder preceded that at the elbow by 5-40 ms. Exceptions were observed mainly for target directions near the transitions between initial flexor and initial extensor activity at the shoulder. In these cases the initial agonist activity at the shoulder was greatly reduced or, in some cases, appeared entirely suppressed, although the later bursts were present in their usual temporal alignment with the corresponding bursts at the elbow. 5. Antagonist onset at the elbow tended to precede antagonist onset at the shoulder, but the difference in timing did not vary consistently with $L 6. Despite the consistency of initial agonist timing between the two joints, the agonist onset-time difference was poorly correlated with the apparent difference in the onset times of shoulder and elbow joint rotations. The latter difference, which is affected by mechanics, cannot therefore be imputed directly to the CNS.
7. Over a large range of initial and final positions, the direction of the final position relative to the initial orientation of the forearm appears to be an important variable for the determination by the CNS of which muscles to activate first at each joint, as well as the relative timing and magnitude of that initial activity. These findings are compatible with a control scheme for initiating limb movements in which the CNS employs relatively simple rules to choose a basic motor output pattern. INTRODUCTION Whereas interest in the study of multijoint limb movements has increased dramatically in recent years, much of the literature pertaining to control of multijoint arm movements is based solely on the study of the kinematic features of movement (Abend et al. 1982; Atkeson and Hollerbach 1985; Fleischer and Becker 1986; Hollerbach and Atkeson 1987; Kaminski and Gentile 1986, 1989; Morass0 198 1) . Relatively little attention has been directed toward the muscle activation patterns underlying those kinematic attributes. Moreover, several of the studies that have included a significant emphasis on electromyographic (EMG) activity have focused mainly on reflex responses to imposed perturbations (Soechting 1988 ) , on the effects of CNS pathology (Berardelli et al. 1986 ), or on atypical movements (Normand et al. 1982) . Relatively few studies (Accornero et al. 1984; Soechting 1988; Wadman et al. 1980 ) have presented EMG activity from multiple muscle groups as well as kinematic data for volitional multijoint arm movements.
Further attention to the muscle activity patterns that underlie such movements appears warranted. For instance, characteristics of the muscle activity can be used to test existing hypotheses concerning control of multijoint limb movements, as demonstrated in the preceding paper (Karst and Hasan 199 1) . Moreover, the existence of consistent relationships between muscle activation patterns and kinematic or kinetic variables of movement may indicate which of those variables are important in planning the appropriate " motor output ( Soechting 1989 ) , thus providing the groundwork for the development of new hypotheses.
In the preceding paper (Karst and Hasan 199 1) we utilized a qualitative measure of EMG activity to test proposed rules whereby the CNS might determine which muscle groups to use when initiating two-joint movements involving the shoulder and elbow. We proposed that a relatively simple rule might suffice for this determination. Choosing the sign of initial muscle activity at the shoulder and elbow is an essential step in formulating the motor output for movement initiation; however, the timing and magnitude of that output must be appropriate as well. If a simple initiation rule can determine which muscles to activate first, an analogous simplification for specifying initial EMG timing and magnitude seems plausible. In an attempt to discern simple rules that might govern the initiation of multijoint arm movements, we have analyzed the timing and magnitude of shoulder and elbow EMG activity associated with movement initiation.
The studies that afford the most direct comparison withthe results presented here are those of Accornero et al. ( 1984) and Wadman et al. ( 1980) . Both studies focused on movements in the horizontal plane involving rotations about the shoulder and elbow and presented examples of both EMG and positional data, but detailed quantitative analyses were employed only by Wadman and colleagues. Their study was limited to movements performed "as fast as possible" from a single initial limb position, and it included only eight discrete movement directions. In the present study we have examined self-paced, point-to-point movements that included a much broader range of initial positions, distances, and movement directions, such that the movement paths covered much of the reachable work space in the horizontal plane.
METHODS
The data used in this study are the same as those used in the previous one (Karst and Hasan 199 1) ) except that movements performed with added inertial loads are not included in this report. Thus these results are based on a total of 470 trials performed by eight volunteers, whose task was to perform a series of point-topoint hand movements that were restricted to the horizontal plane, and involved rotations about the shoulder and elbow joints.
EMG activity was recorded from five muscles: 1) the clavicular portion of the pectoralis major (PEC), a shoulder flexor; 2) the posterior deltoid (P. DEL), a shoulder extensor; 3) the biceps brachii (BIC), a flexor of the elbow (and, to a lesser degree, the shoulder as well); 4) the brachioradialis (BRD) , an elbow flexor; and 5) the medial head of the triceps brachii (TRI), an elbow extensor.
The data collection, storage, and processing procedures were identical to those described in the previous study, with the following exceptions. 1) Quantitative EMG analyses focused on both the timing and magnitude of initial activity and encompassed both agonist and antagonist muscle groups at each joint. The relative timing of EMG onsets, both within and across joints, was quantified by identifying the EMG onset in each of the five muscles, with the use of an interactive computer graphics program similar to that described by Walter ( 1984) . This program displayed the EMG data along with a vertical cursor indicating for each muscle the onset as determined by a computer algorithm. The algorithm found the time at which the EMG exceeded a critical amplitude ( 10 times the standard deviation of the baseline, resting value) for a critical duration (7.5 ms) . Then, visual inspection by the investigator determined whether the chosen onset was appropriate and allowed for manual correction of the cursor placement or, in cases where the time of onset was indeterminate, documentation of that finding. The magnitude of initial activity for each of the five muscles was quantified (whenever the onset of activity could be identified reliably) in terms of the integral of the rectified and filtered EMG over the first 100 ms of EMG activity in that muscle, as illustrated in Fig. 1. 2) The times of rotational onset at the shoulder and elbow, as well as the onset time of hand movement, were determined. To obtain angular velocity data, digitized angular displacement data were low-pass filtered (cutoff, 12 Hz) with the use of a second-order Butterworth filter (Vaughan 1982)) before numerical differentiation by the use of a cubic spline function ( Woltring 1985) . The joint rotational onsets were calculated by determining the point in time when the angular velocity exceeded a predetermined threshold (joint rotational onsets were calculated for threshold values of 5, 15, 25, and 35"/s). The onset of hand movement was taken to be the point where the tangential velocity exceeded 0.1 m/s.
The "agonist onset difference" was defined as the time between the initial agonist onsets at the shoulder and the elbow, a positive value indicating that shoulder agonist EMG preceded that at the elbow. For movements with elbow flexors as agonists, additional analyses were included to address possible differences in the activation patterns of the one-and two-joint elbow flexors. For those trials, pairwise comparison of the elbow flexor EMG onsets revealed that biceps onset preceded brachioradialis onset by a small but significant interval (3.4 t 22.6 ms, mean t SD; P < 0.05; n = 177 ) . However, the variation of the shoulder-elbow agonist onset difference with different target directions was similar whether biceps or brachioradialis onset was employed. The biceps onset was used in the data shown in Figs. 3-5, as it was quantifiable in more trials than was brachioradialis onset. Substituting brachioradialis onset for that of biceps would not alter any of the conclusions drawn from those figures, however, and coefficients of correlation between agonist onset difference and movement direction are given for both muscles in Table 1 . The "agonist EMG ratio," defined as Es/E, where Es and E, are the integrated EMGs (over the 1 st 100 ms) of the shoulder and elbow agonists, respectively, is likewise presented in Figs. 6 and 7, using biceps or triceps EMG for . E,, as appropriate. AND Z. HASAN
RESULTS
We begin by presenting a series of individual movement records that illustrate some typical EMG features of planar, two-joint reaching movements. Specific examples from these records will be used to 1) describe some gross features of the EMG activity, 2) compare these EMG patterns with those typical of single joint movements, and 3) illustrate the temporal coordination of agonist and antagonist muscle groups both within and across joints.
General features ofEMG activity at the shoulder and elbow
In Fig. 2 , each of the six panels (A-F) depicts a single movement performed by the same subject, initiated from approximately the same position, but differing in movement direction. The spatial direction for each movement is indicated by the value of IG/, which represents the direction of the final position relative to the initial forearm orientation. [See Fig. 1 B of companion paper (Karst and Hasan 199 1) .] For these six movements, $ varied from -2 1 to 248". Unlike the case of single-joint movements, where joint rotation results from shortening of the agonist, the identities of agonist and antagonist muscles for these movements cannot be inferred solely from the joint rotations. As in the preceding paper, we define the "agonist" at each joint as the first muscle group (i.e., flexor or extensor) to show EMG activity at that joint. The "antagonist" is then defined simply as the muscle group, the anatomic actions of which oppose those of the agonist. Joint rotation in a direction antithetical to the anatomic action of the joint agonist was observed at either joint in these experiments. For example, in Fig. 2B the elbow extends throughout the movement (i.e., OE decreases), yet biceps is activated before triceps and is therefore the agonist at the elbow.
AGONIST-ANTAGONISTEMGACTIVITYATTHESHOULDER.
For these planar, two-joint arm movements, the shoulder EMG pattern nearly always comprised at least two, and typically three or more, alternating bursts of flexor and extensor activity. Indeed, all six records shown in Fig. 2 demonstrate this alternating pattern in the shoulder muscles, whether the agonist is a flexor (e.g., PEC in Fig. 2 , A-C) or an extensor (P. DEL in Fig. 2 , E and F). These records illustrate that shoulder muscle activation patterns for planar, twojoint movements exhibit remarkable similarity to the twoor three-burst patterns of agonist-antagonist alternation frequently associated with rapid, single-joint movements of the shoulder (Angel 1974; Pantaleo et al. 1988) or elbow (Hallet et al. 1975; Karst and Hasan 1987; Person 1958) . AGONIST-ANTAGONISTEMGACTIVITYATTHEELBOW. Forthe majority of movements studied, we observed patterns of alternating flexor (biceps brachii and/ or brachioradialis) and extensor (triceps brachii) EMG activity at the elbow analogous to those observed at the shoulder (e.g., Fig. 2 , B-D and F). At the elbow, however, exceptions to the typical alternating burst pattern were more frequent. Those exceptions were most often characterized by the absence of measurable activity in one or more of the elbow muscles. Movements accompanied by initial coactivation of flexor and extensor muscle groups at the same joint were also observed more frequently at the elbow than at the shoulder. As a result, both qualitative and quantitative EMG analyses were more difficult for the elbow than for the shoulder.
Examples of elbow EMG activity that did not fit the characteristic alternating pattern included inactivity of one (e.g., brachioradialis in Fig. 2 B) or both ( Fig. 2A) of the elbow flexors, as well as a few instances of virtually complete inactivity in all three elbow muscles from which EMGs were recorded (e.g., Fig. 2E ). Movements such as the one in Fig. 2 E, where elbow rotation occurred with little or no EMG activity, did not represent recording artifacts, as they were observed for several subjects, and, in each case, the observed elbow rotations were compatible with the effects of intersegmental torques related to rotation about the shoulder. (Although we never observed movements in which there was complete inactivity of both shoulder muscles, shoulder rotation could precede the onset of shoulder EMG activity, as illustrated in Fig. 2 D, and discussed in more detail below.) EMG ACTIVITY OF SYNERGISTS AT THE SAME JOINT. In all experiments, we recorded EMG activity from both the brachioradialis and the biceps brachii. These two muscles are anatomic synergists, acting to flex the elbow, but the biceps crosses the shoulder joint and could conceivably act at that joint as well. The relative magnitude of initial EMG activity recorded from the two elbow flexors was quite variable, as demonstrated by comparison of EMG records in Fig. 2 , B, C, and F, where biceps EMG magnitude was greater than brachioradialis, with Fig. 2 D, in which the opposite was true. However, Fig. 2 also illustrates that, in all cases where both muscles showed activity, the EMG bursts of the two elbow flexors remained roughly in phase with each other and out of phase with bursts of elbow extensor (triceps) activity. When only one of the pair of flexors showed activity, that activity remained out of phase with triceps activity (e.g., Fig. 2 B) . So, despite the variability in relative magnitude of biceps and brachioradialis EMG activity, their temporal pattern of activity remained consistent with the assumed synergistic relationship between those muscles.
Our data suggest, however, that when the elbow flexors were the agonists, the relative activity of the biceps and brachioradialis could be considered to vary according to which shoulder muscle was concurrently activated. Thus biceps > brachioradialis activity if the pectoralis was also active, and biceps < brachioradialis activity during posterior deltoid activations. This is in agreement with the results of Jongen ( 1989) regarding motor-unit recruitment thresholds during isometric tasks requiring generation of both shoulder and elbow torques.
Although the clavicular portion of pectoralis major was chosen as the representative shoulder flexor, comparison with the anterior deltoid in one subject failed to reveal any qualitative differences in their activity during the movements studied. The representative elbow extensor was the medial head of the triceps brachii, which crosses only the elbow joint. Pilot investigations in this laboratory supported the conclusions of Buchanan et al. ( 1986) , that the medial head is a reliable indicator of elbow extensor activity as a whole and does not tend to be active in tasks requiring only shoulder extensor torque.
COMPARISON OF EMG PATTERNS ACROSS JOINTS.
Although quantitative comparison of EMG activity across joints is dealt with in later sections, some important temporal features are evident on a gross scale. When typical two-or
Records of digitized EMG and kinematic data for movements in different directions. Each of the 6 panels (A-F) depicts, in the format of Fig. 1 , a single movement performed by the same subject, initiated from approximately the same position, but differing in target direction, as indicated by the value of tc/ in each panel. Mean (&SD) initial joint angles for these 6 movements were 23 + 3 O for @init and 56 * 4" for OEinit .
three-burst patterns were seen at both joints, the most obviwords, the agonist bursts at the two joints tended to occur in ous characteristic of EMG timing was the-relatively (but phase with each other and out of phase with the antagonists not exactly) synchronous nature of the EMG patterns at the at both joints. It should be emphasized, however, that altwo joints, as exemplified in Fig. 2 , B, C, and F. In other though the bursts were approximately synchronous, exact onset and termination times differed between joints, as detailed in subsequent sections. The distinct tendency for the first agonist bursts at the two joints to coincide drew attention to a few trials in which the first agonist burst appeared to be missing at one of the joints, even though later bursts were present in normal temporal alignment with their counterparts at the other joint. For example, compare the EMG activity for the movement depicted in Fig. 2 B, where both joints exhibit three-burst EMG patterns with flexor agonists, with the record from the movement shown in Fig. 2A . Although the triceps activity coincides approximately with that of the posterior deltoid in both cases, in Fig. 2A there is no elbow EMG activity coincident with the initial shoulder agonist burst. Thus it appears that the slight difference between the two movements was accomplished by modulating the biceps activity (which was already quite low in Fig. 2 B) to an even lower level ( Fig. 2A) , amounting to apparent suppression of the burst. This phenomenon of a "missing" first agonist burst, although observed more often in the elbow EMG pattern, also occurred at the shoulder, as illustrated in Fig. 20 . In this example there is no shoulder EMG activity coincident with that of the elbow agonists (flexors), despite the rough alignment of the deltoid activity with the elbow antagonist burst. In both of these examples (Fig. 2, A and D) , it is obvious on visual examination that the time between the first EMG activity at the two joints is markedly increased. Subsequent sections include more quantitative evidence, which supports the contention that these data reflect an extreme reduction of the first agonist burst of the typical, three-burst pattern of motor output.
Features of EMG timing
Although the basic patterns of agonist and antagonist EMG activity at each joint are comparable with those associated with single-joint movements, characterization of the 4 . Relationship between the agonist onset difference and +. All conventions are the same as in Fig. 3 . Symbols represent 345 movements (performed by 8 subjects) covering most of the reachable work space in the horizontal plane. For each symbol type the regression lines are shown; the corresponding correlation coefficients are given in Table 1. motor output for these two-joint movements must also include the coordination of the patterns between the shoulder and elbow. Despite the appearance of approximately synchronous onset of EMG at the two joints, closer examination revealed consistent differences in the EMG onset times of the agonists (agonist onset difference). the choice of the agonists at the two joints, as indicated in the caption. (The various combinations of initial shoulder and elbow EMG activity are confined to specific ranges of 11/, although with some overlap apparent, indicating that + alone is a fairly good, although not perfect, predictor of the transitions between different pairs of agonists.) For each of the four symbol shapes, there is a roughly linear relationship between the agonist onset difference and $, as indicated by the regression lines that have been fitted to the data for each pair of agonists. The results for this subject are typical in that, within each of the four categories, the agonist onset difference is significantly correlated with $, although the percentage of the total variability accounted for by this relationship is modest. Data from all eight subjects (345 movements with quantifiable agonist EMG onsets at both joints) are presented in Fig. 4 , with the use of the same conventions as in Fig. 3 . Table 1 provides the corresponding linear correlation coefficients. Moreover, Table 1 illustrates that these correlations are not simply artifacts stemming from differences in movement duration for different directions, because similar correlations are obtained after normalizing the agonist onset difference with respect to movement time from onset to peak hand velocity.
The data presented in Figs. 3 and 4, as well as in Table 1 , emphasize three major points. I) By itself, $ is a reasonably good predictor of which combination of muscle groups at the shoulder and elbow are initially activated. 2) For each of the four possible combinations of initially active muscle groups, the agonist onset difference varies with II/ in a more or less linear fashion. 3) These results are valid across subjects, and for movements throughout the work space. Figure 5 illustrates the variation of the agonist onset difference with respect to $J in a slightly different manner. The movement trials depicted in Fig. 4 are included in Fig. 5 by averaging within bins based on $. The systematic variation with $ is brought out more clearly in this way.
For most of the movements studied, the initial agonist activity recorded at the shoulder preceded that at the elbow, as indicated by the propensity toward positive agonist onset differences in Fig. 4 . Pairwise comparison of the agonist onset times for all 345 trials revealed a significant (P < 0.00 1) mean onset difference of 25.8 t 36.6 (SD) ms. These onset differences are comparable with the 15-to 25-ms mean differences reported by Wadman et al. ( 1980) , even though the movements that they studied generally entailed higher velocities and shorter durations.
During one experiment, EMG data were obtained from additional shoulder muscle groups, including the middle trapezius and rhomboids, which act to retract the scapula. These muscles, in accord with the functional linkage between (horizontal) extension at the glenohumeral joint and retraction of the scapula (Rasch and Burke 1978) , were generally active in conjunction with the posterior deltoid. More importantly, comparison of the onset times of the glenohumeral and scapular muscles revealed similar proximal to distal sequencing of muscle activation. For movements initiated with shoulder extensor (posterior deltoid) activity, the onset of EMG activity in the scapular retractor muscles typically preceded the initial deltoid activity by -20 ms, an interval akin to that observed between shoulder and elbow agonist onsets.
In contrast to the general trend toward a proximal to distal sequence of activation, 16% of the 345 movements represented in Fig. 4 had negative agonist onset differences. For those 56 movements the elbow agonist onset preceded the shoulder agonist by a mean (+SD) of 19.2 t 23.7 ms (range, -105 to -2 ms). As illustrated in Fig. 4 , the movements associated with negative agonist onset values had corresponding $ values falling within one of two narrow ranges. Of those 56 movements, 32 had 'ic/ values between 89and135"(mean$= 113& ll"),withtheremaining24 movements clustered between # = 235 and 283O (mean $ = 260 t 1 O" ). Note that these two ranges of + correspond to the regions of transition between movements initiated by shoulder flexor activity and those initiated by shoulder extensor activity. Conversely, for Ic/ values near the transition between elbow flexor-initiated and elbow extensor-initiated movements (i.e., # = 160-200' and + = -2O-20"), agonist onset differences tend to take on large positive values.
Inspection of the raw data records of movements with negative agonist onset differences revealed EMG activity that fell roughly into two categories: I) movements with large negative agonist onset differences that demonstrated complete suppression of the first agonist burst at the shoulder (as exemplified by the movement depicted in Fig.  2 D, for which the agonist onset difference is -115 ms); and 2) movements with agonist onset differences ranging from -2 to approximately -40 ms, characterized by large elbow agonist bursts and small shoulder agonist bursts. Conversely, very large positive agonist onset differences were associated with small or absent first agonist bursts at the elbow (e.g., Fig. 2A , where the agonist onset difference is 110 ms).
TIMING
OF THE ANTAGONIST EMG ONSET.
Although the main focus of this study was on initial agonist activity, we have also examined the relative timing and magnitude of initial antagonist activity at each joint. Antagonist onsets were less clear-cut than those of the first agonist, particularly at the elbow. Shoulder antagonist onset times were identified for 62% of the movement trials, as opposed to only 23% at the elbow. Most of the movements (69 and 87% for the shoulder and elbow, respectively) with quantifiable antagonist activity were those for which the sign of initial activity was the same at the two joints (e.g., flexor agonists at both joints). But, despite the limitations imposed by the data pool, some interesting trends were discernible.
The mean agonist-antagonist onset difference for the shoulder was found to be more than 40 ms greater than for the elbow. Thus, in contrast to the order of initial agonist activation, the onset of elbow antagonist activity tends to occur befive shoulder antagonist onset. For those movements where agonist-antagonist onset difference was found for both joints, the mean (*SD) values for the shoulder and the elbow were 18 1 t 83 and 140 t 9 1 ms, respectively. These were significantly different (paired t test, P < 0.00 1; n=82).Thi fi d s n ing does not appear to be an artifact of the distribution of movements for which antagonist activity could be quantified, because each of the four combinations of shoulder-elbow agonists had similar mean agonist-antagonist onset differences.
No consistent relationships were found, however, between positional variables (such as I/) and the timing of the antagonist onset (either with respect to the agonist at the same joint, or to the antagonist at the other joint). Although the agonist-antagonist onset difference at the shoulder was reasonably well correlated with positional variables such as $ and AOs for some types of movements (those with initial shoulder-elbow agonist signs of FlexorFlexor and Extensor-Extensor), this was not true for the other two groups of movements (those initiated by Extensor-Flexor and Flexor-Extensor agonist combinations).
Elbow antagonist timing appeared unrelated to those positional variables for all four movement types. Similarly, no consistent pattern emerged between the positional variables and the relative magnitude of agonist and antagonist activity at either joint.
Thus the following statements can be made concerning the antagonist burst timing: 1) the interval between agonist and antagonist onsets at a given joint was not clearly related to variables associated with the initial and final positions; and 2) there was a clear tendency for the onset of the elbow antagonist to precede the shoulder antagonist onset by ~25 ms, in contrast to the tendency for agonist activity at the shoulder to precede elbow agonist activity by a similar interval.
Shoulderelbow EMG magnitude ratio and $
Having thus far considered movement initiation in terms of which muscle groups are the first to be activated at each joint, and when those agonists are activated relative to each other, we turn our attention to how much initial agonist activity is associated with movements in various directions. We have characterized the magnitude of initial agonist activity at the shoulder (Es) and elbow ( EE) by determining the area under the curve described by the filtered and rectified EMG signal (corrected for baseline activity) over the 6 . Relationship between the shoulder:elbow ratio of initial agonist EMG activity and $. The format is similar to that of Fig. 3 , except that the ordinate here represents the ratio of the 1 st 100 ms of integrated EMG activity in the shoulder and elbow agonists, plotted as log (E,/ EE) . Thus increasing ordinate values indicate increasing shoulder EMG activity and/ or decreasing elbow EMG activity. Note the similarity of the relationship depicted here to that depicted in Fig. 3 . first 100 ms of activity. Quantifying the initial EMG activity in terms of peak amplitude does not alter the conclusions drawn, because the integral of the rectified EMG was linearly related (r > 0.96 for all comparisons) to the peak amplitude during the same period. Similarly, integration of initial EMG signals over shorter intervals (e.g., 40 or 60 ms) did not substantively alter the results.
To assess coordination across joints for the same wide range of movements studied in the previous sections, we quantified the agonist EMG ratio as Es/E,. The relationship of this ratio to the direction $ is exemplified in Fig. 6 , which represents data from 45 movements performed by one subject. Comparison of Fig. 6 with Fig. 3 (which depicts data from the same movements) reveals that the relative magnitude of initial agonist EMG at the shoulder and elbow varies with tG/ in a manner similar to that demonstrated for the relative timing of initial agonist activity. Figure 7 illustrates the consistency of this relationship by depicting bin-averaged data from all eight subjects.
Because the data in Fig. 7 are pooled from several subjects, the definition of the agonist EMG ratio deserves clarification.
For each combination of shoulder and elbow agonists, the expression ES/ E, provides a quantitative comparison of initial agonist EMG activity for different movements performed by the same subject. But the actual value of that expression depends on the relative gain of the EMG recordings for the shoulder and elbow muscles. Thus the relative EMG gains must be standardized if one is to make any strict, numerical comparisons of Es/E, across different pairs of muscles, either within or across subjects. In our experiments, EMG gains were always adjusted such that, for each muscle, the largest EMG amplitudes observed during a series of nractice movements were just under the saturation level of the analog-to-digital converter, so the relative gains remain similar, but not identical, across subjects. As a result, when these data are averaged across subjects, as in Fig. 7 , any differences in relative gains will tend to increase the variability of log (Es/E,) but will not affect the form of the relationship demonstrated.
Lack of relationship between agonist EMG timing and joint rotational onsets ti Finally, we compare the agonist onset differen ce with the me difference between the onset of rotation at the two AGONIST ONSET DIFFERENCE (ms) FIG. 8. Agonist EM@ onset difference vs. the difference in the onsets of rotations at the shoulder and elbow joints. Each symbol represents one of 345 movements ( 8 subjects), with symbol type indicating the sign of initial shoulder and elbow agonist EMG activity (as in Fig. 3 ) . Rotational onset at each joint was defined as the point where the absolute angular velocity first exceeded 5 O /s. The rotational onset difference is the time from onset of shoulder rotation to the onset of elbow rotation.
joints. Rotational onset differences have been reported in earlier kinematic studies (e.g., Kaminski and Gentile 1986; Hollerbach and Atkeson 1987) and are presumed to be important in multijoint coordination. Because explicit control of the rotational onset difference should be apparent in the timing of initial agonist EMG activity at the two joints, we looked for a correlation between the onset difference in agonist timing and the difference in joint rotational onsets for the shoulder and elbow. This relationship is illustrated in Fig. 8 , which includes the data from the trials depicted in Fig. 4 . The rotational onset at each joint was defined by the criterion used by Kaminski and Gentile ( 1986) , that is, the point in time when the angular velocity first exceeded 5 O /s. For these data the general lack of correlation between the agonist onset difference and the joint rotational onset difference is indicated by an overall linear correlation of r = 0.18 (n = 345). The correlation coefficient was even smaller when rotational onsets were defined by thresholds of 15, 25, or 35 O / s. This lack of correlation indicates that the relative timing of shoulder and elbow movement initiation cannot be imputed to a corresponding temporal organization of the motor output. Lack of support for the explicit control of the rotational onset difference is further demonstrated by the low correlation of this variable with 1G/: the correlation coefficients ranged between 0.04 and 0.38. These may be compared with the correlation coefficients between agonist onset difference and $, which, as noted in Table 1 , ranged between 0.43 and 0.76.
DISCUSSION
Several recent investigations of motor-control strategies for limb movement have examined two-joint, planar movement tasks similar to the one used in these experiments. These are the simplest movements in which intersegmental interactions play a role (Hollerbach and Flash 1982) . The present study is one of only a few, however, that include analyses of EMG activity and the relationship of that activity to initial and final positions. Furthermore, it includes a much greater range of task variables (e.g., movement distance and direction) than employed in previous investigations of planar multijoint movements. In the first part of this report, we summarized some features of the EMG patterns that were found to be consistent across subjects and throughout the work space. In agreement with previous reports (Accornero et al. 1984; Wadman et al. 1980) , the EMG patterns at either joint typically consisted of alternating flexor and extensor bursts, analogous to the patterns associated with rapid, single-joint movements. Such patterns have been described for movements of the elbow (Brown and Cooke 198 1; Hallet et al. 1975; Karst and Hasan 1987; Lestienne 1979; Person 1958; Waters and Strick 198 1 ) , shoulder (Angel 1974; Pantaleo et al. 1988), wrist (Hoffman and Strick 1990; Mustard and Lee 1987) ) finger (Meinck et al. 1984) , and thumb (Hallett and Marsden 1979; Marsden et al. 1983 ). Moreover, agonist-antagonist burst patterns have also been reported for isometric tasks requiring production of brief torque pulses about the elbow joint (Ghez and Gordon 1987; Gordon and Ghez '1984) . Coupled with the pervasiveness of agonist-antagonist-agonist EMG patterns in studies of singlejoint tasks, the consistent appearance of similar EMG patterns during these multijoint movements suggests that they represent a fundamental feature of motor output for controlling limb movements (cf. Cooke and Brown 1990) .
For single-joint movements, the timing and magnitude of the initial agonist and antagonist bursts have been shown to vary with specific kinematic and kinetic features of the resulting joint rotation. Delineating such relationships between task variables and the corresponding motor output patterns is a well-established approach to understanding the organization of motor-control strategies (Bouisset and Lestienne 1974) . Of course, specific rules, such as those linking EMG and kinematic variables for single-joint movements, cannot be expected to hold for multijoint movements, where the rotation of other joints contributes significant interaction torques (Smith and Zernicke 1987) . It appears that increased awareness of this fact has heightened interest in the study of multijoint limb movements and fostered a growing debate over the relevance of single-joint movement studies to our understanding of motor-control strategies (see, for example, commentaries
by Cordo et al., Flanders, Loeb, Newell et al., Wallace and Weeks, in Gottlieb et al. 1989) . It is rather surprising, however, that, despite the increased interest in multijoint movement paradigms, there have been so few attempts to define basic features of the EMG activity and relate those features to the task variables of multijoint arm movements. The limited comparable data that are available (Accornero et al. 1984; Wadman et al. 1980 ) are in agreement with our findings, indicating that at each joint the same basic muscle activation pattern is used for two-joint movements as for single-joint movements, although it is modulated in a different fashion. Our data suggest, moreover, that simple relationships between agonist EMG and positional variables do exist and could form the basis of simple initiation rules for two-joint movements. The most obvious difference between single-and multijoint movements is that, for the latter, the sign of the agonist EMG need not correspond with the direction of joint rotation. For example, comparison of the EMG and position records in Fin. 2, B and C, demonstrates that broadly similar patterns of EMG activity may accompany elbow extension (Fig. 2 B) or flexion (Fig. 2C) . Nevertheless, the identity of the agonists, as well as the relative timing and magnitude of the agonist EMGs at the two joints, vary systematically with #.
These results also have implications concerning the origin of the antagonist burst of the three-burst EMG pattern. (For a review of this debate, see Hasan et al. 1985 .) Some investigators have proposed that the antagonist burst depends primarily on peripheral feedback resulting from stretch of the antagonist muscle (Angel 1977; Ghez and Martin 1982) . However, the occurrence of antagonist bursts in deafferented subjects (Forget and Lamarre 1987; Sanes and Jennings 1984) and under isometric conditions (Ghez and Gordon 1987; Gordon and Ghez 1984) indicates that the antagonist burst is centrally programmed, although it is subject to ongoing modification by peripheral feedback (Dufresne et al. 1978; Hoffman and Strick 1990; Sanes et al. 1985; Soechting 1988 ) . Our data provide further evidence that generation of the late components of the three-burst pattern is not dependent on antagonist stretch because, in some cases (e.g., Fig. 2 B) , the entire three-burst pattern is expressed (biceps-triceps-biceps) even though the antagonist (triceps) is actually shortening throughout the movement.
Another difference in the EMG patterns of single-joint and multijoint movements concerns modulation of burst magnitudes. Our data suggest that one aspect of the multijoint control strategy, possibly related to compensation for interaction torques, involves modulation of the first agonist burst magnitude to a much greater degree than that observed for single-joint movements. It appears that, in some cases, the first agonist burst is modulated to zero activity, resulting in the "missing agonist burst" illustrated in Fig. 2 , A and D, for the elbow and shoulder, respectively. Such modulation of the first agonist burst appears to be analogous to the modulation of the antagonist burst demonstrated for single-joint movements by providing external braking assistance (Hallet and Marsden 1979; Karst and Hasan 1987; Waters and Strick 198 1) .
On the whole, these data suggest that the robust pattern of alternating agonist-antagonist EMG bursts observed in both single-joint and multijoint tasks may represent a fundamental feature of motor output, and the timing and amplitude of the bursts may be modulated by a number of different task variables (e.g., degrees of freedom available, kinematic constraints, expectation of perturbations). An important implication of this suggestion is that specific rules governing this modulation will only be demonstrated by experiments that manipulate the relevant task variables through a sufficiently large range.
One of the principal findings to emerge from this analysis of EMG activity was the relationship of initial agonist activity at the two joints to 11/, the direction of the final position relative to the initial orientation of the forearm. In the preceding paper we used qualitative EMG analysis to demonstrate that the sign of initial EMG activity at each joint was predictably related to simple combinations of positional variables and suggested that a simple rule based on such variables might underlie the choice between flexors and extensors as the first muscles to be activated at each joint. Although at least two different combinations of variables could predict the sign of initial agonist activity at the two joints, other lines of evidence, such as direction-dependent neuronal activity in the motor cortex (Georgopoulos 1988; Schwartz et al. 1988 ) and cerebellum (Fortier et al. 1989) ) imply that movement direction may play an important role in CNS planning and execution of multijoint arm movements. In this paper we have presented the results of quantitative EMG analyses demonstrating additional links between the muscle activation patterns responsible for initiating multijoint arm movements and $, the direction of movement relative to the forearm.
In our description of typical EMG characteristics, we noted that the onsets of the agonist and antagonist bursts at the two joints usually were not simultaneous, although gross temporal alignment of the corresponding bursts was typical. Quantitative analysis of the timing of initial agonist activity at the shoulder and elbow revealed that the onset of EMG activity in the shoulder agonist generally precedes the elbow agonist onset, but the duration of that interval, termed the agonist onset difference, varies systematically with $ (see Figs. 3, 4, and 5 ) . Conversely, it appears that the order of antagonist activation is generally reversed; the significance of this finding is unclear. Although afferent influences offer a possible explanation for this phenomenon, we failed to see any clear relationships of antagonist timing to kinematic features such as peak angular velocities (both antagonist onsets preceded the peaks in angular velocity at either joint) or peak tangential hand velocity.
The strong tendency toward activation of the shoulder agonist before the elbow agonist is not simply due to conduction delays, which probably account for <3 ms of the 26-ms mean agonist onset difference. Instead, this trend seems to be a manifestation of a general rule for upper body movements, which dictates that initial agonist activations proceed sequentially from axial joints to peripheral ones. This general rule would account for our observation that initial agonist activation proceeded from scapulothoracic to glenohumeral to elbow joints. Likewise, it would account for the observation that neck (axial) muscle activation precedes arm muscle activation in a task requiring coordinated movement of the head and arm (Biguer et al. 1982) .
Because of intersegmental interactions, an axial-to-peripheral sequence of muscle activation does not imply a corresponding sequence of joint rotational onsets. Our data indicate that differences in joint rotational onset at the shoulder and elbow are poorly correlated with differences in agonist EMG onset at the two joints (Fig. 8) . We would argue that this example illustrates the importance of considering the motor output of the CNS, as well as the kinematic features of movement, when attempting to discern the neural strategies underlying the control of limb movements.
Comparison of the relative magnitude of the first 100 ms of agonist activity at the shoulder and elbow revealed a variation with respect to $ (illustrated in Figs. 6 and 7 ) , similar to that seen for the agonist onset timing difference. As a result of these relationships, the agonist onset difference tends to be largest (shoulder onset much earlier) for movement directions where the relative magnitude of initial agonist activity is large at the shoulder compared with the elbow, and vice versa. Because both magnitude and timing of initial agonist EMG activity vary with II/, it seems feasible that the temporal aspects of the motor command may be stereotyped at the premotoneuronal level, whereas the systematic variation in EMG latency may result from an inverse relationship between the excitatory drive to a motoneuron pool and the time required to reach motoneuronal threshold .
Although the results presented here do not connote causative relationships, they demonstrate, for a wide range of horizontal-plane movements, that tc/ is consistently related to 1) which combination of shoulder and elbow muscle groups is chosen by the CNS for movement initiation, 2) the relative timing of initial muscle activation at the shoulder and elbow, and 3) the relative magnitude of those initial activations. All in all, the evidence relating $ to so many aspects of initial agonist activity, over such a diverse range of movements, provides considerable support for the notion that the muscle activations responsible for initiating these multijoint movements could be chosen on the basis of simple rules based on the knowledge of $.
Because the simple initiation rule does not deal explicitly with the torques stemming from dynamic interactions of the various limb segments, errors in the initial direction of movement are inevitable. Consequently, the use of this initiation rule seems dependent on the availability of a means for rapid correction of ongoing motor output. In fact, there is evidence to indicate that adequate sensorimotor mechanisms, including both closed-loop and feed-forward, openloop controllers, are available for correction of such errors (for a recent review, see Abbs and Winstein 1990) . The feasibility of such corrections had previously been dismissed (e.g., see Hollerbach and Flash 1982) on the basis of the implicit assumption that the only mechanism available was a closed-loop, autogenic response. Rapid, functional modulation of ongoing motor output seems much more likely to derive from the type of nonautogenic responses (cf. Nichols 1989), which have been demonstrated by perturbation of the upper extremity during movement (Cole et al. 1984; Soechting 1988) as well as postural tasks Soechting and Lacquaniti 1988) . Thus it appears possible that the discrepancies between intended and actual direction of initial movement could be corrected as the movement progresses (cf. Gilman et al. 1976 ) . This scenario is not at all equivalent to the servocontrol of velocity or position.
Although we have not proposed specific rules for the braking component of multijoint movements, the possibility that a control strategy might comprise separate components for the initial and terminal phases of a limb movement has been advocated by many investigators (Brooks 1981; Brown and Cooke 1981; Ghez and Gordon 1987; Ghez and Martin 1982; Hoffman and Strick 1990; Walter 1985 ) . Moreover, the demonstration that antagonist activity can be modified in response to perturbations during multijoint arm movements (Soechting 1988) supports the possibility that the appropriate motor output for the termination phase, like that for initiation, could be approximated by using a simple rule, then "fine-tuned" by ongoing sensorimotor responses.
